The Syabru-Bensi hydrothermal system in central Nepal: 1. Characterization of carbon dioxide and radon fluxes
Introduction
The global mapping of carbon dioxide (CO 2 ) emissions is one of the most active research subjects throughout the world [e.g., Bréon and Ciais, 2010] . Among other pending questions regarding the sources and sinks, the CO 2 budget of active orogens remains poorly understood [Gaillardet and Galy, 2008] , and this is particularly the case in the Himalayas, the Earth's largest current orogen. More generally, studies that have dealt with the spatial distribution of CO 2 fluxes at the Earth's surface were carried out primarily near volcanoes [e.g., Baubron et al., 1990; Farrar et al., 1995; Giammanco et al., 1995; Chiodini et al., 1998; Hernández et al., 1998] . Recently, many studies have focused on various natural systems, e.g., volcanic [e.g., Chiodini et al., 2005; Toutain et al., 2009; Viveiros et al., 2009; Finizola et al., 2010; Granieri et al., 2010; Di Napoli et al., 2011; Federico et al., 2011; Mazot et al., 2011 Mazot et al., , 2013 Carapezza et al., 2012; Inguaggiato et al., 2012; Hernández et al., 2012a Hernández et al., , 2012b Rinaldi et al., 2012; Tassi et al., 2013 ], geothermal [e.g., D'Alessandro et al., 2006 Fridriksson et al., 2006; Werner and Cardellini, 2006; Annunziatellis et al., 2008; Rodrigo-Naharro et al., 2013] , and hydrothermal geosystems [e.g., Gerlach et al., 2001; Lewicki et al., 2008 Lewicki et al., , 2012 Lewicki et al., , 2013 Werner et al., 2008; Rissmann et al., 2012] . However, only a few studies were performed in low temperature (<50°C) CO 2 degassing areas [e.g., Mörner and Etiope, 2002] , such as mofette sites [e.g., Italiano et al., 2000; Rogie et al., 2000; Vodnik et al., 2009; Chiodini et al., 2010; Kämpf et al., 2013; Bräuer et al., 2013] , as well as in fault-related areas [e.g., Etiope, 1999; Lewicki and Brantley, 2000; Lewicki et al., 2003a; Ciotoli et al., 2007] and, more rarely, in the largest orogens Richon et al., 2010] . In addition to the contribution to global CO 2 budget, CO 2 degassing of large orogens might appear as a crustal parameter sensitive to long-term and short-term effects, such as strain buildup during interseismic periods and stress release during earthquakes, respectively.
The Himalayan range, with typical current collision/shortening rates of 18-21 mm yr À1 in Nepal [e.g., Bettinelli
The MCT zone is also characterized by several other faults, such as the Ramgarh Thrust (RT) (Figure 1 ). This important thrust places older Paleoproterozoic LHS rocks upon younger Precambrian LHS units; it can be related at depth to the MCT or the MHT independently [Pearson and DeCelles, 2005] . In the upper Trisuli Valley, typically, the oldest rocks (circa 1.88 Ga) are the augen gneisses ( Figure 1 ) [Kohn et al., 2010] . These rocks have similar characteristics to the Ulleri augen gneisses which are dated at circa 1.7-1.9 Ga [Upreti, 1999; Goscombe et al., 2006; Kohn et al., 2010] . Moreover, other more localized, secondary faults or shear zones can be mapped in the field, associated with the occurrence of black schist and the separation of graphitic schist and calc schist formations ( Figure 1 ). The observed LHS rocks can be grouped into three groups, according to the presence of calc schist, garnet schist, graphitic schist, and also of quartzite and marble layers. Between the RT and the MCT, mica schist, garnet schist, and augen gneiss are observed . The garnet schist unit is the first occurrence of the GHS (in green in Figure 1 ), while the augen gneiss formation is here incorporated in the LHS [Upreti, 1999] .
The MCT shear zone is characterized by hydrothermal circulations and a large geothermal gradient of circa 75 ± 8°C km À1 [Derry et al., 2009] . The SBHS includes several hot springs, mainly located along the Trisuli River (Figures 1, 2a, and 2b) . The main hot springs were studied first by Kotarba [1986] and are characterized by flow rates from 0.082 ± 0.006 to 0.36 ± 0.03 L s À1 , temperatures from 30 to 62°C, alkalinity load reaching 25 mmol L À1 , and total absence of bubbling [Evans et al., 2004 Becker, 2005; Perrier et al., 2009] .
Numerous secondary hot and cold water seepages, easier to observe during the dry winter season, occur along the river, sometimes associated with iron oxide deposits. Also, it is thought that there are additional unidentified hot springs that discharge directly from the river bed into the river.
The Gas Zones and Background Areas
Five gas zones were studied in the SBHS (total area circa 21,550 m 2 ), three being located on the west bank of the Trisuli River (GZ1-GZ3) and two on the east bank (GZ4 and GZ5). These are all characterized by natural degassing from the ground, sometimes including mofette-like degassing.
m
Bhote Kosi river Figure 1 . Geological map of the Syabru-Bensi hydrothermal system in central Nepal, with hot springs, gas zones, and background gas profiles. Dotted box defines the SBHS area (circa 0.86 km 2 ). The inset shows the site location within Nepal. The GZ1 (circa 500 m 2 ) was the first gas zone discovered in the SBHS , which was also found to be characterized by a dipolar self-potential (SP) anomaly [Byrdina et al., 2009] . This site is located at an altitude of 1425 m on a partly collapsed river terrace, just below the Syabru-Bensi village, near the main hot springs (Figures 1, 2a, and 2b) . The central area is clear of vegetation, but the outer margins have been cultivated. GZ1, pervaded by a strong smell of H 2 S, included three distinct subzones, with cavities in the terrace on the northern side. In the cavities, the soil is dark, rich in organic matter and in sulphate and sulphur deposits. In cavities 1A (left) and 1B (middle), it is possible to hear the whistling of the gas, with bubbling when water is present, whereas these phenomena are not observable in cavity 2 (right).
GZ2 (circa 150 m 2
) is located at an altitude of 1420 m (Figures 1, 2a, and 2b) in the vicinity of GZ1 just above the cemented basins of the main hot springs. The area is mainly characterized by an extensive recess where sulphur deposits occur and H 2 S is detected. This site is a small collapsing terrace where several boulders of calc schist and mica schist are present, coming from the debris slope deposits located just above the terrace. The soil is dark and rich in organic matter at the southern part of the terrace and sandier at its northern part.
GZ3 (circa 5400 m
2 ) is located at an altitude of 1410 m in the graphitic schist layer, circa 100 m south from the gate of the Syabru-Bensi village [Girault et al., 2009] and circa 500 m away from any significant hot springs of the SBHS (Figures 1 and 2b ). The site is characterized by several boulders of calc schist and garnet schist. The soil is muscovite-rich and sandy. Warm minor seepage points were discovered below GZ3 along the Trisuli River, southward from the main site ( Figure 1 ). This site was substantially altered by the construction of the new road in late 2010.
GZ4 (circa 2000 m
2 ) is the most elevated of the five gas zones, located at an altitude of 1465 m (Figures 1 and 2a, top right) opposite GZ3 on the left bank of the river. GZ4 is located in the same graphitic schist layer as GZ3, bordered above by a scarp of white marble containing a cavity from which H 2 S emerges and where dead birds and young animals were discovered on the ground. In the cavity, covered by sulphates and travertine deposits, the soil is extremely dark and rich in organic matter, whereas it is less rich in organic matter and sandier along the gas profiles carried out below the cavity. Below GZ4, several hot springs are present (Figures 1 and 2a) near the Trisuli River. GZ5 (circa 13,500 m 2 ) is located at an altitude of circa 1440 m opposite the main hot springs, GZ1 and GZ2 (Figures 1, 2a, and 2b) . This site is located on a cultivated river bed terrace characterized by debris slope deposits mainly composed of rocks belonging to calc schist, mica schist, and garnet schist layers. The soil is light brown, sometimes sandy and quite rich in organic matter.
In addition to the five gas zones, we selected zones, referred to as background sites, where we did not expect gas emission and where we could characterize the local conditions in the absence of gas. We defined 11 background sites (Figures 1, 2a , and 2b), chosen to encircle as much as possible the known gas zones. These background sites are labeled as follows: profiles GPX, GPY, GPZ (Figures 2a and Three background sites are located in the same geological formation but in various fields [Girault, 2011] : an uncultivated field with gray soil rich in graphitic schist alteration products (BH1), a cultivated rice field with dark soil rich in graphitic schist alteration products (BH2), and a cultivated lentil field with gray sandy soil (BH3). Three other background sites are located on different river terraces on the east bank [Girault et al., 2011b] : a wheat field with black soil rich in organic matter (T1), grazing land with gray muscovite-rich soil (T2), and dry land with sandy soil (T3). The background site GZ5D is located on a debris cone and calc schist bedrock, whereas GZ5E is on the same river terrace as T1. Finally, on the west bank, three sites are characterized by alternating debris cones, bedrock and uncultivated terraces (GPX), crop field terraces above GZ1 (GPY), and uncultivated river terraces above GZ3 (GPZ).
Meteorological Context
The SBHS is located in the northern Himalayas and benefits from a rain shadow effect of the Gosainkunda range. The dry season and the monsoon period occur from December to February and from June to September, respectively. The mean annual precipitation in Syabru-Bensi can be estimated as 1830, 1110, and 1330 mm in 2008, 2009, and 2010 , respectively, using the rainfall data recorded at Timure, 10.5 km north, and Dhunche, 7 km south (Nepal Department of Meteorology, Kathmandu). The mean annual air temperature is 19°C, with annual minimum and maximum temperatures of 0°C (late January) and 28°C (early June, during the monsoon). The diurnal air temperature variation is fairly constant throughout the year at ±20°C about the diurnal mean.
It was observed that the CO 2 and radon fluxes were approximately constant (to first order) irrespective of the season and thus largely independent of any rainfall effect [Girault et al., 2009] . This observation is supported by continuous radon monitoring over a 2 year period (2008 and 2009 ) that shows that the monsoon had negligible effect on the advective gas zones [Richon et al., 2011] . This temporal stability of the gas zones and their invariance with the meteorological perturbations are particularly interesting for potential future long-term monitoring to search for possible relationships between geophysical stress changes at depth and gas emissions at the surface. The seasonal stability of GZ1 is further investigated below.
Measurement Methods
In this section, the general principles of the techniques and the main sources of uncertainties are outlined. The details of the techniques are expanded in Text S1 in the supporting information.
Measurement of CO 2 Flux
The accumulation chamber is the preferred technique for anomalous degassing areas such as those found in volcanic and hydrothermal contexts and therefore was used to measure the CO 2 flux (Φ CO2 ) [Chiodini et al., 1998;  Journal of Geophysical Research: Solid Earth 10.1002/2013JB010301 Welles et al., 2001] . The CO 2 flux, usually expressed in g m À2 d
À1
, is directly related to the slope at the origin of the CO 2 accumulation curve (dC/dt| t = 0 ) according to [Chiodini et al., 1998 ]:
where C is the CO 2 concentration, P atm is the mean atmospheric pressure, M CO2 is the molar mass of CO 2 , R is the ideal gas constant, T is the ambient temperature, and V and S are chamber volume and footprint area, respectively.
Before measurement, vegetation was removed, and 3-5 cm of soil was brushed to prepare a relatively flat and homogeneous emplacement for the chamber. Wet soil was plastered around the base of the chamber to provide a seal. From summer 2007 to January 2011, various types of chambers with different sizes and shapes were used. The most commonly used chambers had a volume of 0.0085 m 3 and a footprint area of 0.092 m 2 .
The following sensors were used to measure CO 2 concentration in the chamber, all based on infrared absorption of gaseous CO 2 : Testo™ sensors (Testo™ 535, Testo AG, Germany), Airwatch™ sensors (Airwatch™ PM 1500, Geotechnical Instruments Ltd., UK), and, since 2010, the semiautomatic Vaisala™ sensor (Vaisala™ CARBOCAP® Hand-Held GM70, Finland), which was used for some fine-scaled studies (response time better than 20 s). Several examples of accumulation curves for the largest fluxes are shown in Text S1.1 in the supporting information.
Measurement of Radon-222 Flux and Concentration
The accumulation chamber is also one of the preferred techniques used for the measurement of radon flux (Φ Rn ) [Cullen, 1946; Perrier et al., 2009] . After placing the chamber on the ground, radon activity concentration A (expressed in Bq m À3 ) increases in the chamber with the accumulation time t. The radon flux, usually expressed in Bq m À2 s À1 , is directly related to the slope at the origin of the radon accumulation curve (dA/dt| t = 0 ) according to Richon et al., 2005 ]
where V and S are the chamber volume and footprint area, respectively. The preparation at the surface for radon flux measurement is the same as for CO 2 flux measurement, and the most commonly used chambers had a volume of 0.0080 m 3 and a footprint area of 0.092 m 2 .
Lucas scintillation flasks (125 mL) were used to measure the radon concentration in the chamber [Lucas, 1957] , and radon concentration was inferred from the photomultiplier count (CALEN™, Algade, France) obtained circa 3.5 h after the sampling Girault et al., 2009] . High-resolution accumulation curves could be obtained using sufficiently large numbers of samplings at different accumulation times. Measurement of high flux values required particular care, but reliable results could be achieved (Text S1.2 in the supporting information).
Two types of probes were used for continuous monitoring of radon concentration, both being set for hourly sampling/recording: Barasol™ probes (Algade, France) in 2008 and 2009 [Richon et al., 2011] and second generation BMC2™ probes (Algade, France) in 2010. These are based on the detection of alpha particles by a silicon detector located 13 cm from the base of the probe behind a diffusion window. Their sensitivity is circa 50 Bq m À3 , and intercomparison in the laboratory gave a dispersion of 3%, whereas the overall common uncertainty (associated with the specific measurement technique) was about 5%.
Temperature and Heat Flux Measurements
Robust temperature measurements were performed using Seabird™ probes (SBE39 Seabird™, Sea-Bird Electronics Inc., USA), designed for deep oceanography research. These probes were used both for temperature monitoring and heat flux estimations. Provisional heat flux measurements were made using the accumulation chamber method on the ground. As measurements were only performed at points with the highest CO 2 flux of GZ1 (CO 2 content was >90% in all soil-gas samples in GZ1), the CO 2 content in the air of the chamber was taken as 100% for these heat flux calculations. The slope at the origin of the increase of the temperature (T in K) with time (dT/dt| t = 0 ) is related to the heat flux Φ heat , expressed in W m
À2
, according to
where T is the temperature, ρ CO2 is the gaseous CO 2 density, C CO2 p is the specific heat of CO 2 at constant pressure, and V and S are chamber volume and footprint area, respectively. The same experimental protocol was used for heat flux measurements as for CO 2 and radon flux measurements, with chambers of 0.0083 m 3 volume and 0.093 m 2 footprint area.
Seabird™ probes recorded at 30 s intervals. The sensitivity of the Seabird™ probes is given to be 10 À4°C by the manufacturer, and specific experiments showed that these were intercalibrated to an accuracy better than 3.5 × 10 À3°C . Punctual uncertainty (associated with a measured point and statistically independent from measurement to measurement) ranged from 2.5% for small heat fluxes to 30% for high heat fluxes.
Measurement of Effective Radium Concentration
The source of radon is related to the radium concentration (C Ra ) of rocks and soils [Sakoda et al., 2011] . However, only a fraction of the radium atoms are able to release radon atoms in the porous media of the rock or soil. This fraction is the emanation E, defined as the probability that a radium atom produces a radon atom in the pore space [Tanner, 1964; Nazaroff, 1992] . Therefore, the relevant quantity for radon production is the effective radium concentration (EC Ra ), expressed in Bq kg À1 [Stoulos et al., 2004] . As it is impossible to know a priori the EC Ra of a given soil or rock, it was measured in the laboratory on 85 soil samples collected in the gas zones.
The measurement method is a radon accumulation technique [Stoulos et al., 2003] , already described elsewhere [Girault et al., 2011a; , and to these, an additional uncertainty of 8% needs to be added quadratically to obtain the punctual uncertainty of each measurement .
Measurement of Carbon Isotopic Ratio
Sampling of gas was performed using accumulation chambers and glass tubes fitted with valves. A chamber, previously pierced and fitted with a rubber plug, was placed on the ground as for radon flux measurements. After a minimum accumulation time of 20 min, an evacuated tube was inserted through the chamber at the plug location, and after about 10 min of ensuring gas homogenization inside the chamber, sampling was performed with the tube. Gas samples taken on the ground of the gas zones were analyzed for molecular composition, giving δ 13 C, using the method described by Evans et al. [2008] . A description of the protocol is described in Text S1.7 in the supporting information.
Measurement of Helium Isotopic Ratio
Sampling of gas was performed using accumulation chambers and preevacuated stainless steel tubes fitted with valves. The pierced chamber equipped with the tube was put on the ground as for radon flux measurements, having been previously depressurized using a handheld pump. After a minimum accumulation time of 30 min, the valve was opened, and the accumulated gas was drawn into the sampling tube. After about 10 min of ensuring gas homogenization inside the chamber and the tube, the valve was closed, capturing the sample. Gas samples were analyzed for helium isotopic composition using the method described in Text S1.8 in the supporting information. The helium isotope ratio R/R A is defined by the 4 He/ 3 He ratio of the sample divided by the 4 He/ 3 He ratio of the atmosphere (1.39 × 10 À6 ).
Summary of Results

Assessment of Uncertainties on Gas Flux Measurements
Two separate contributions to the total uncertainty are considered for the experimental techniques in this paper: punctual uncertainty, which is associated with a measured point and statistically independent from measurement to measurement, and overall common uncertainty, which is associated with the specific measurement technique. The absolute total uncertainty corresponds to the quadratic sum of these two contributions; the relative total uncertainty is defined as the absolute total uncertainty divided by the (mean) measurement value. The details of the different sources of uncertainty on CO 2 and radon flux measurements are summarized in Table 1 .
For CO 2 flux measurement, the punctual uncertainty mainly came from the uncertainty of the slope of the accumulation curve and ranged from 0.5 to 30% depending on the point. As illustrated in Text S1.1 in the supporting information, various types of accumulation curves were observed, and the value of the slope depended on the particular section used to make the estimation. This uncertainty was estimated by changing the time window [Girault, 2011] . Other sources of uncertainty, such as the determination of the size of the chamber or the ruggedness of the soil, were found negligible compared with the uncertainty from the accumulation curve. To account for systematic effects, an additional effective punctual uncertainty in CO 2 flux measurements was set in this paper, as elaborated by the large number of systematic experiments (total of 326 CO 2 flux measurements) detailed in Text S1.3 in the supporting information, ranging from 5% for small
, with a smooth transition from small to high fluxes. Intercalibration of CO 2 sensors was checked several times in the laboratory from 2007 to 2011. Differences were found, ranging over 4-7%. The absolute calibration factor of the CO 2 sensor used for intercalibration experiments (5%) was taken into account as the only source of overall common uncertainty. The relative total uncertainty is plotted as a function of the CO 2 flux in Figure 3 for the four sensor types and the whole data set obtained in the SBHS. The Vaisala™ 1% sensor was generally more accurate than the Testo™ sensors for small CO 2 fluxes, whereas the Vaisala™ 20%, able to measure the highest CO 2 fluxes, gave similar uncertainties as the Airwatch™ sensors (Figure 3 ).
For radon flux measurement, the punctual uncertainty was dominated by the counting statistics and by the dilution correction after the sampling and ranged from 5 to 30%. The other sources of punctual uncertainties, such as the precision of the accumulation time effectively recorded, ruggedness of the soil, and dispersion of the calibration factor of scintillation flasks [Girault, 2011] , are negligible in comparison. As for CO 2 flux, various experiments (total of 357 radon flux measurements) were conducted in the field to account for systematic effects (Text S1.3 in the supporting information), and an additional effective punctual uncertainty ranging from 5% for small radon fluxes (<100 × 10 À3 Bq m À2 s À1 ) to 20% for high radon fluxes (>3000 × 10 À3 Bq m À2 s
À1
) was incorporated. In addition, to compare with other measurements, an overall common uncertainty (absolute calibration) of 5% has to be added quadratically. The relative total uncertainty is plotted as a function of the radon flux value in Figure 4 for the whole data set obtained in the SBHS. In general, the measurement of radon (Figure 4 ), whereas the reverse situation was observed for the measurement of CO 2 flux (Figure 3 ).
In the figures presented in this paper, error bars of CO 2 and radon fluxes correspond to the total punctual uncertainty at one standard deviation confidence level (68%). As we have a minimum of two measured values of flux per point, error bars correspond to the standard deviation divided by the square root of the number of measurements at the considered point. In addition, all quoted averages in the text are geometric means, unless stated otherwise.
CO 2 and Radon Fluxes
Results of the CO 2 and radon flux measurements carried out in GZ1-GZ5 and background areas during the dry winter seasons of the 2007-2011 period are summarized in Table 2 . Results of monsoon season (summer) measurements are also shown for GZ1 and GZ3. For the background areas, each gas zone individually, and the gas zones aggregated together, the CO 2 and radon flux results are summarized in terms of number of measurements, range of measured values, and arithmetic and geometric means.
Along the background profile GPX ( Figure 5 ), for which there is a significant number (37) of data points, higher background CO 2 and radon fluxes are observed on organic-rich soils (terraces) than on sandy or dry soils (debris cone). Similar flux differences occurred in all other background profiles [Girault, 2011] Schery et al., 1989; Nazaroff, 1992; Szegvary et al., 2007] .
For GZ1, the main measurements were performed along the measurement profile shown in Figure 6 . This profile was 27 m long from southwest to northeast and followed the recesses of the two cavities 1B and 2, located in the area without vegetation between the points 13.4 and 22.5 m. The central part of the profile, between 9 and 25 m, was characterized by extremely high CO 2 and radon fluxes (maxima 236,000 g m À2 d À1 and 38,500 × 10 À3 Bq m À2 s À1 , respectively), the largest values recorded in these gas zones. Three other profiles were carried out, from the recess of cavity 1B to the area without vegetation toward east (A) and toward south (B), and of circular shape around the cavities and the area without vegetation (C) ( Figure 6 ). Along these profiles, the ranges of variation of CO 2 and radon fluxes (Table 2) were particularly large ( Figure 7 ), with averages greater than 30,500 g m À2 d
À1
and 10,800 × 10 À3 Bq m À2 s À1 , respectively. However, the end parts of all these four profiles were characterized by smaller CO 2 and radon fluxes which are of the same order of magnitude as the background fluxes (Figures 6 and 7 ). Data collected during the monsoon showed no significant changes, to the first order, as compared with the dry winter season values ( Figure 6 ), as observed previously in GZ3 [Girault et al., 2009] .
The CO 2 and radon fluxes for GZ2 ( Figure 8 ) were carried out tracing the recess of the cavity. There, fluxes show the highest averages of the five gas zones measured, i.e., 3680 ± 220 g m Gas Zone 1 Gas Zone 2 Gas Zone 3 Gas Zone 4 Gas Zone 5
Gas Zone 1
Gas , respectively. These data are similar to the fluxes measured along the other horizontal profiles (along the road). Furthermore, numerous points were also measured during the monsoon along the main profile (Figure 9 ), thus adding a significant number of measurements to the previous study [Girault et al., 2009] . Again, no significant changes (to first order) were noticed compared with the dry winter season data. However, anomalously high CO 2 and radon fluxes, >12,000 g m
, respectively, were measured along a perpendicular profile, 103 m long (45 m vertically) and crossing the road (Figure 10 ). Taking into account all profiles, average CO 2 and radon fluxes were 733 ± 19 g m À2 d À1 and (315 ± 7) × 10 À3 Bq m À2 s
, respectively.
Measurements in GZ4 were divided into two groups, outside and inside the cavity ( Figure 11 ). Four profiles (A-D) were conducted outside the cavity: profiles A and C were horizontal and parallel, profile B was perpendicular to profiles A and C beginning at the cavity wall and turning toward the river, and profile D refined the region where profiles B and C crossed. The highest fluxes, 6200 g m À2 d À1 for CO 2 and 2400 × 10 À3 Bq m À2 s À1 for radon, were obtained in a small area (circa 5 m × 5 m) in profiles B and C.
Measurements from points 0 m to 10 m of profile B are potentially influenced by the high concentrations in the cavity and should be interpreted in this context.
Three measurement profiles (A-C) were performed in GZ5 ( Figure 12 ). Profiles A and C showed the same trend of an increase in CO 2 flux from northeast to southwest; this observation might be due to the presence of a hot spring near the point 137 m of profile A. In general, CO 2 and radon fluxes were quite small with averages of 34 ± 1 g m À2 d À1 and (72 ± 2) × 10 À3 Bq m À2 s À1 , respectively, although significantly higher than the background fluxes.
Soil Effective Radium Concentration
At each measurement point of the main GZ1 profile ( Figure 6 ), soil was sampled, and its effective radium concentration (EC Ra ) was determined in the laboratory. The values of EC Ra appear similar with average (range, min-max) 9.7 ± 0.2 (2.4-22) Bq kg
À1
. However, in the zone without vegetation and with the highest CO 2 and radon fluxes, EC Ra values were systematically smaller, by a factor of 1.7 ± 0.2, than the rest of the profile, changing abruptly (close to an order of magnitude) at the boundaries of this zone. This is, to our knowledge, the first time that such a depletion effect of effective radium concentration has been reported in the presence of large CO 2 discharge.
EC Ra values of soil samples in GZ2 (Figure 8 ), 8.8 ± 0.2 Bq kg À1 on average, are similar to the values obtained with soil samples in GZ1. As in GZ1, EC Ra values in GZ2 were higher outside the largest degassing zone, although by a smaller factor (1.3 ± 0.2) and with a less well defined change (factor of 2.3 ± 0.2) in EC Ra at the boundaries of this highest degassing zone (at points 1 and 11 m).
EC Ra values of soil samples collected over the main GZ3 profile (Figure 9 ) varied from 4.4 to 14 Bq kg À1 with a mean of 7.7 ± 0.1 Bq kg
. EC Ra values were reasonably uniform over this profile. However, smaller EC Ra values were observed at the sides of the large degassing area in this site, and the highest EC Ra value was obtained at point 22 m, which had the smallest CO 2 flux. In addition, soil was sampled 50 cm from the ancient cavity ( Figure 10 ) and gave a comparable EC Ra value of 9.0 ± 0.5 Bq kg À1 .
Two sets of EC Ra values were determined with soil samples collected in GZ4. Soil samples of two points outside the cavity having the highest radon flux in GZ4 yielded a mean EC Ra value of 28.0 ± 0.3 Bq kg
. This mean was approximately twice as high as for values measured in the other gas zones. EC Ra was also measured with one soil sample from inside the cavity, yielding a value of 21.9 ± 1.8 Bq kg
, similar to, albeit slightly smaller than, the values of samples outside the cavity.
Gas Temperature, Concentrations, and Isotope Ratios
The gas temperature, concentrations, carbon isotopic ratios (δ 13 C), and helium isotopic ratios (R/R A ) are summarized in Table 3 . An overview of the temperature, pressure, and radon concentration time series measured at circa 70 cm depth and rainfall is available in Text S3.2 in the supporting information. 
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In GZ1, gas temperature and concentrations were measured in the cavities and in the places without vegetation, both in the soil and in the air. Mean gas temperatures reached 28.8°C and 24.7°C in the soil and in the air of cavity 1B, respectively. The CO 2 concentration in the air of cavities 1A and 1B was greater than 60%, whereas it was only circa 4% in the air of cavity 2. Radon concentration was measured at 70 cm depth in the soil of cavity 1B using two closely spaced PVC tubes (A and B) [Richon et al., 2011] and at 1 m depth in the soil of the zone without vegetation, outside the cavities, using two metallic tubes. Average concentrations varied from 39 × 10 3 to 49 × 10 3 Bq m À3 . The five CO 2 concentration measurements on the ground of cavity 1B exceeded 91% with average δ 13 C = À0.8 ± 0.1‰ (including three 2007 values from Perrier et al. [2009] ). Two additional gas samples were taken on the ground of cavity 1B for helium analysis: these results were similar to within circa 2%, with an average helium concentration of 76.4 ± 1.1 ppm, with R/R A < 0.05 for both samples. 
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In GZ2, gas temperature and radon concentration were measured at 70 cm depth in the soil of the recess of the cavity using a PVC tube [Richon et al., 2011] : mean values reached 25.2°C and circa 47 × 10 3 Bq m À3 , respectively. The average CO 2 concentration exceeded 97%, the highest measured in any of the gas zones, with average δ 13 C = À1.0 ± 0.2‰.
In GZ3, gas temperature and radon concentration were measured over 1 year in the air 2 cm above the ground inside the ancient cavity [Richon et al., 2011] (Figure 10 ) and over a 12 h period at 70 cm depth in the soil of the main profile (point 27 m in Figure 9 ), giving average values of 21.4°C and circa 77 × 10 3 Bq m À3 in the cavity, respectively, compared to 10.3°C and circa 74 × 10 3 Bq m À3 in the soil in GZ3 (measured in January 2011). Also, air CO 2 concentration was measured once in the cavity (88%) and once on the ground in the main profile (80%) yielding δ 13 C = À0.5 ± 0.1‰. Sampling for helium isotope ratios was not possible during the period of road and bridge construction.
In GZ4, the soil radon concentration was measured over a 12 h period at 70 cm depth in the soil of the point where the highest radon flux was recorded outside the cavity, giving an average of circa 64 × 10 3 Bq m
À3
. In addition, the soil CO 2 concentration on the ground was measured (30%), yielding δ 13 C = À1.0 ± 0.1‰. In the cavity of GZ4 where the mean gas temperature was 21.3°C, CO 2 and radon concentrations were measured: 32% for CO 2 and circa 9 × 10 3 Bq m À3 for radon [Richon et al., 2011] . In addition, a tube was used to sample the air of the cavity, at circa 30 cm height. Although this sample was mixed with ambient air, a relatively high CO 2 concentration of circa 9% was obtained, as well as δ 13 C = À1.7 ± 0.1‰, which is smaller than in the soil-gas samples. 
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In summary, radon concentration appears similar in GZ1 and GZ2 (circa 40 × 10 3 Bq m À3 ) located close to the main hot springs, but significantly higher in GZ3 and GZ4 (circa 70 × 10 3 Bq m À3 ) located 500 m from the main hot springs. This feature of the SBHS is interpreted in the companion paper [Girault and Perrier, 2014] .
Other Measurements
The thermal infrared imaging of GZ1 ( Figure 6 ) indicated that the region of highest temperature (>14.5°C) was located in cavity 1B. The enlargement in Figure 6 illustrates the region of whistling CO 2 points, with their associated major temperature anomaly reaching above 39°C. Heat flux measurements were carried out in the central area of the main GZ1 profile. Results obtained in winters 2010 and 2011, compatible within uncertainties, are presented in Figure 6 . The values were relatively large, with an average of 13 ± 3 W m À2 in winter 2011. The signatures of the two cavities are clear in Figure 6 , characterized by an increase of the heat flux at points 15 and 20 m. Gas temperature was measured in the soil at three distinct locations in GZ1 (Text S3.2 in the supporting information): in the area without vegetation, 2 m from cavity 2 (GZ1C), where radon concentration was monitored (25.2 ± 2.0°C) and below the boulder (GZ1E) visible in Figure 6 (23.9 ± 3.3°C) and in the area with vegetation, on profile C 10 m from cavity 2 (21.6 ± 3.5°C).
n.m.: not measured.
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The self-potential (SP) distribution is an important feature of GZ1 and provides additional information of the fluid circulation near the surface [Byrdina et al., 2009; Revil et al., 2012] . Therefore, SP results for the main profile in GZ1 are also shown in Figure 6 . The two cavities, 1B and 2, yielded anomalies of circa À130 mV and À110 mV, respectively, and are clearly evident as the maxima in the SP data in Figure 6 , separated by a minimum of circa À50 mV. When looking at the other profiles in GZ1 (Figure 7) , SP anomalies here reached À137 mV, in agreement with previous results obtained in December 2007 [Byrdina et al., 2009] . The long-term temporal stability of the SP signature is a nontrivial confirmation of the stability of the system despite the presence of large meteorological perturbations and a confirmation of the model presented previously [Byrdina et al., 2009] . The trends in SP values tended to be smoother than the trends of the CO 2 and radon fluxes, in particular in profile B (Figure 7) . Compared with the previous experiment [Byrdina et al., 2009] , these new data allow a more precise comparison between SP and CO 2 flux, both measured with precision at the same point. A significant correlation is confirmed between CO 2 fluxes and SP anomalies in GZ1 (Text S3.1 in the supporting information).
The thermal infrared imaging of GZ2 (Figure 8 ) revealed two remarkable warm spots, reaching more than 15°C, located in the recess of the cavity. These warm spots correspond to the areas of sulphur and sulphate deposits (with warm soil and gas temperature in the soil above 25°C).
In 2010, after measurements were performed along the main profile of GZ3, a long wall (30 m) was built as part of the new road, creating an artificial modification to the degassing regime (optical image in Figure 9 ). While the thermal anomalies along the road were difficult to observe after the construction of the wall, small warm spots became apparent at the base of the wall, suggesting continuation of degassing at that location. It was however impossible to access to the highest warm spots (temperature >15°C) visible in the thermal image in the steepest part of the slope (Figure 9 ).
In the cavity of GZ4, measurements of CO 2 concentration in the air were performed as a function of height from the ground and distance from the cavity wall. At 25 cm height, values were higher than 0.5% up to 5 m from the cavity (Text S2.2 in the supporting information), thus defining a CO 2 pool close to the ground in the recess of the cavity.
Estimation of Total CO 2 and Radon Degassing
Using the CO 2 and radon flux data collected on the ground in each gas zone, the total degassing ("discharge") of both gases could be estimated. This estimate was calculated by preparing a map of the available values and then performing kriging and interpolation of the available data set, with the values of each point used in the calculation being averaged from the measured values. A sensitivity analysis was performed to assess the uncertainty on these spatially integrated numbers. This consisted of randomly varying each point within its associated error bar and varying the radius of the interpolation (the main parameter controlling the spatial average of the interpolation algorithm). In total, for two different values of this radius, 10 calculations were performed, one using the flux data and the other nine using the randomly varied flux data. These simulations were averaged, and the standard deviation was assigned as the error bar of the total discharge.
A requirement of both practical and theoretical importance in the measurement of the total discharge is to have some knowledge of the minimum number of points and the possible spatial distributions that determine a given uncertainty and, if possible, to have some idea of the optimal configuration. The spacing of measurement points is of concern, particularly if (small) anomalous areas are present [Viveiros et al., 2010] . In the SBHS, in newly discovered gas zones, it was often the case that time was limited, and, in the case of radon, practical considerations meant that a maximum of 37 scintillation flasks could be carried into the field each day. Consequently, dedicated Monte Carlo simulations, detailed in Appendix A, were performed to study this optimization problem. The optimization study was based on a number of 40 CO 2 flux measurements, with a typical point spacing of 4 m, scattered on a surface of circa 1200 m 2 . Different approaches were tested, and their relative merits are discussed in Appendix A.
Contrary to expectations, the more accurate deployment technique in an unknown potential gas zone was not a simple regular mapping using a small number of profiles, an approach which was used in an earlier investigation of GZ1 . The best technique was an adaptive strategy in which gas flux measurement profiles were performed iteratively, in such a way that the profiles at any iteration always passed through the highest point that had been measured in all preceding profiles, but perpendicular
Journal of
(or close to perpendicular) to them. When such a strategy was implemented, the simulations indicate that with some justifiable assumptions regarding the spatial structure of the discharge, values of the integrated discharge can be obtained with an uncertainty of circa 20%. This uncertainty was considered sufficient for the current purpose, and because of the difficulty of identifying and measuring many of the points with the highest fluxes, these estimates should be considered with caution and generally as lower estimates.
Examples of results for the estimated total CO 2 discharge are shown in Figure 13 for GZ1 and in Figure 14 for GZ3. In all estimations, the average CO 2 and radon fluxes of background areas were subtracted, thus consistently defining the threshold values which delineate the gas zone areas. In GZ1 (Figure 13 ), CO 2 flux measurements were performed along profiles that circumscribed the area of high degassing, hence giving a robust average estimation of the total CO 2 discharge of 1.4 ± 0.3 t d
À1
. In GZ3 (Figure 14) , one vertical profile associated with several horizontal profiles of CO 2 flux yielded sufficiently accurate average estimated value of the total CO 2 discharge of 2.5 ± 0.5 t d
. Averages of the estimated total CO 2 and radon discharges obtained with the same method are summarized in Table 2 , for each gas zone individually and all gas zones aggregated together. A relatively important CO 2 release from the cavity in GZ4 has been obtained, thus potentially increasing the overall estimate of the total CO 2 degassing of GZ4 (Text S2.2 in the supporting information).
Discussion
Radon Flux as a Proxy for CO 2 Flux
In the SBHS, where both CO 2 and radon fluxes were measured at the same points on the ground, the relationship between the CO 2 and radon fluxes was evaluated by calculating the correlation coefficient, R, between them. The uncertainty was estimated by Monte Carlo simulation as the standard deviation of 30 simulations of the correlation coefficient. The correlation coefficient values are summarized in Table 2 and are highly significant.
For background areas, the correlation is shown in Figure 15 . From the whole data set (73 points), a correlation coefficient R = 0.76 ± 0.02 was obtained. Moreover, for the profile GPX (black diamonds in Figure 15 ), for which there is a significant number (37) of data points, various elongated parallel features appear, showing a 
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trend from smaller to higher fluxes. Thus, in GPX, the data suggest the existence of scaling laws with the same slope and shifted normalizations.
For GZ1-GZ5, the relationship between CO 2 flux and radon flux (240 points) is presented in Figure 16 , in association with background values of Figure 15 (data are available in Table S1 in the supporting information). The values of CO 2 and radon flux range over 6 and 5 orders of magnitude, respectively. The smallest fluxes obtained in the five gas zones occur at the edge of the gas zones and tend toward background values, suggesting that the gas zones were properly circumscribed, which is important for the estimation of the aggregated discharge. For the aggregated zones, the overall correlation coefficient was R = 0.86 ± 0.02, the highest for GZ2 (R = 0.96 ± 0.02) and GZ3 (R = 0.94 ± 0.02), and the smallest for GZ4 (R = 0.89 ± 0.07). In more detail, GZ1 data show slightly smaller radon flux for given high CO 2 flux than GZ3 data, and GZ3 and GZ4 data appear similar for both small and high CO 2 fluxes (Figure 16 ). A significant correlation was also observed between CO 2 fluxes and SP anomalies in GZ1 (Text S3.1 in the supporting information).
This implies a relationship between the two fluxes for a major part of the ranges of magnitudes at least, and to a first approximation, the relationship between the two gas fluxes for the aggregated zones follows a power law ( Radon has a diffusion length of up to a few tens of centimeters in rocks and soils and needs a carrier gas to be transported at significant distances from 
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its source to the atmosphere. Such a carrier gas can be, for example, air, CH 4 , H 2 , and CO 2 [e.g., Etiope and Lombardi, 1995] . The current results show a high correlation between CO 2 and radon fluxes, indicating that CO 2 is a significant carrier of radon, with a systematic, characterizable power law relationship.
The correlations observed in this study are better than the first correlation drawn by Perrier et al. [2009] . Moreover, these more recent correlations are relatively consistent for all gas zones in the dry winter season, confirming an observation demonstrated previously only for GZ3 [Girault et al., 2009] . Therefore, using this correlation and measuring only radon as a CO 2 proxy in the field, noting that radon probes and sensors are more robust, reliable, and cost effective than their CO 2 counterparts for long-term monitoring, information about CO 2 release could be obtained efficiently from radon data.
However, the precise correlation between CO 2 and radon is site dependent, and therefore, both must be studied to establish the relationship before radon flux can be used to make inferences regarding CO 2 flux. To understand this complex but significant relationship, a sufficiently detailed radon-CO 2 transport model is needed, based on a sufficiently exhaustive determination of the radon sources. Such a study is presented in the companion paper [Girault and Perrier, 2014] .
Effect of CO 2 Flux on Soil Effective Radium Concentration
The results of effective radium concentration (EC Ra ) of soil samples, ranging from 2.4 to 28 Bq kg À1 , are within the same range of variation encountered in other areas throughout the world, such as in Europe [Stoulos et al., 2004; López-Coto et al., 2009; Breitner et al., 2010] , America [Ingersoll, 1983; Greeman and Rose, 1996; Williams-Jones et al., 2000] , and Asia [Megumi and Mamuro, 1974; Singh et al., 2008] . In comparison with available EC Ra data of soils collected in the Kathmandu Valley (Nepal) and in other locations along the Trisuli River [Girault et al., 2011a [Girault et al., , 2011b , soils of the SBHS have a smaller average value and a smaller range of variation. Figure 16 . CO 2 flux versus radon flux for the whole gas zones and background data set of the SBHS in the dry winter season. This data set is available in Table S1 in the supporting information.
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At sites where measurements of CO 2 flux, radon flux, and EC Ra of soil were performed (mainly GZ1-GZ3), EC Ra was consistently observed to be affected by the fluid release. Indeed, in Figures 6, 8, and 9 , the EC Ra data show a relatively convex shape in the large degassing areas, with moderately higher values in the center and notable smaller values at the boundaries. It has been proposed that molecules of CO 2 gas, transported rapidly through soils to the atmosphere, might be able to entrain and disperse the small size soil particles associated with higher radium concentration [Greeman and Rose, 1996; Breitner et al., 2010] . Alternatively, although such effects are poorly known in soils, CO 2 might affect radon adsorption: CO 2 is known to decrease the adsorption potential for radon on activated charcoals and silica gels [Meslin et al., 2011] . Also, the presence of dissolved CO 2 in water might increase radium dissolution and hence transport in solution.
Total CO 2 and Radon Discharge in the SBHS
Over the period 2007-2011, CO 2 flux, radon flux, radon concentration, SP, and carbon isotopic ratio measurements were found to be relatively consistent (Text S3.2 in the supporting information), suggesting stable pattern of degassing over the SBHS, a point which is discussed further in the companion paper [Girault and Perrier, 2014] .
On the basis of all the information (section 4 and Table 2 ) and noting the findings of Viveiros et al. [2010] in another context, it can be assumed that the CO 2 and radon fluxes obtained in the background areas are mainly of biological and nonhydrothermal origin. Thus, it can be deduced that the "excess" CO 2 fluxes, and corresponding radon fluxes, above background in the five gas zones, GZ1-GZ5, correspond to hydrothermal degassing.
The two zones with the most CO 2 and radon flux measurements are GZ1 and GZ3. GZ1 is characterized by high fluxes over a relatively small ground area (circa 130 m 2 ) whereas GZ3 is characterized by relatively smaller fluxes over a wider area (circa 1350 m 2 ). However, these two gas zones are ultimately defined by broadly similar total CO 2 discharges, 1.4±0.3 t d À1 for GZ1 and 2.5±0.5 t d À1 for GZ3, although the total radon discharge for GZ1, 19 ± 4 MBq d À1 , is approximately one fifth of that of GZ3, 90 ± 18 MBq d À1 . Gas zones GZ2 and GZ4 have similar total discharges of both CO 2 and radon, whereas GZ5 is the least important radon degassing area of the SBHS.
Aggregating all five gas zones yields total CO 2 and radon discharges of 5.9 ± 1.6 t d À1 and 140 ± 29 MBq d À1 ,
respectively. This value for CO 2 degassing is 6 times that of the first calculation performed by Perrier et al. [2009] , which was solely based on GZ1. Although significant, these amounts should be regarded as lower estimates because it can be assumed that there are other similar but 
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as yet unidentified gas zones in the SBHS, as illustrated by the element of luck in the discovery of GZ4 in this research. In addition, the highest flux values, often occurring along cracks or collapsing terrace scarps, are all but impossible to measure. However, even with such considerations, the overall area of degassing is not insignificant. We define the effective area of strong degassing as the area where CO 2 flux is higher than 500 g m À2 d À1 and where radon flux is higher than 250 × 10 À3 Bq m À2 s À1 . For GZ1-GZ5 combined, we obtain an area of circa 1600 m 2 .
Such an estimation of total radon discharge based on flux measurements on the ground has not previously been attempted in natural systems. However, radon flux has been measured in a number of various locations worldwide. The high geometric mean (259 × 10 À3 Bq m À2 s À1 ) and the exceptional peak (38,500 × 10 À3 Bq m À2 s
À1
) of radon flux in the SBHS can be compared with other sites (Table 4) . To illustrate this, the mean radon flux is shown versus the peak radon flux for selected sites (Figure 17) . The mean radon flux of the SBHS appears similar to the mean values observed in other natural sites, such as volcanic [Voltattorni et al., 2009] , hydrothermal [Yang et al., 2011] , and mofette sites [Žunić et al., 2006; Tuccimei and Soligo, 2008] . The peak radon flux of the SBHS is 1 and 2 orders of magnitude higher than the peaks measured in those same volcanic, hydrothermal, and mofette sites and in fault-and geology-related sites [Ielsch et al., 2001; Ciotoli et al., 2007; Richon et al., 2010] , respectively, but appears compatible with peaks obtained in some American, Australian, and Chinese uranium mining sites [Pearson and Jones, 1966; Bollhöfer et al., 2006; Mudd, 2008; Tan et al., 2012] . As a result, the peak radon flux highlights the uniqueness of the SBHS, compared with other natural sites (Figure 17 ).
The estimated total CO 2 discharge of the SBHS (circa 5.9 t d
) can be compared with other CO 2 discharges assessed using ground surface CO 2 flux measurements at various sites throughout the world (Table 5 ). The SBHS value appears smaller than most CO 2 discharges of volcanic, geothermal, and hydrothermal sites. Nevertheless, the SBHS value is similar to some volcanic sites, such as La Fossa (Italy) [Carapezza et al., 2009] and White Island (New Zealand) [Wardell et al., 2001] ; some geothermal sites, such as Dixie Valley (USA) [Bergfeld et al., 2001] and Mazarrón-Gañuelas Tertiary Basin (Spain) [Rodrigo-Naharro et al., 2013] ; and some hydrothermal sites, such as Long Valley (USA) [Bergfeld et al., 2006] . In general, the CO 2 discharge of the SBHS is compatible with the majority of mofette sites, such as Selvena (Italy) [Rogie et al., 2000] , Stavešinci (Slovenia) [Vodnik et al., 2009] , and Hartoušov (Czech Republic) ], but appears orders of magnitude higher than estimated values of fault-related sites, such as Peloritani Monts (Italy) [Giammanco et al., 2008] , San Andreas and Calaveras faults (USA) , and Kunlun fault (China) [Richon et al., 2010] .
One interesting point of comparison remains the surface area of high CO 2 degassing, circa 1600 m 2 in the SBHS. This is one of the smallest areas investigated to date (2013) which yields such a large CO 2 discharge and an exceptional peak CO 2 flux (236,000 g m À2 d
). For example, the SBHS releases 5 times more CO 2 gas over the same surface area than Vesuvio cone (Italy) . Furthermore, the peak value appears to Table 4 ).
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be the highest CO 2 flux ever measured, even above the 128,600 g m À2 d À1 reported in the Solfatara of Pozzuoli (Italy) [Werner et al., 2003 ] and the anomalous 90,000 g m À2 d À1 of the automatic station at La Fossa, Stromboli (Italy) [Rizzo et al., 2009] and much larger than the circa 50,000 g m À2 d À1 reported in several volcanic and geothermal sites, such as Valle di Cupella (Italy) [Carapezza and Tarchini, 2007] , Masaya (Nicaragua) [Lewicki et al., 2003b] , Latera caldera (Italy) [Chiodini et al., 2007] , and in the recent study of Hartoušov mofette field .
The compiled data of estimated total CO 2 degassing (Table 5) are shown as a function of peak CO 2 flux (Figure 18a ) and of the estimated surface area of high CO 2 degassing (Figure 18b ). In Figure 18a , approximately two thirds of the volcanic, geothermal, and hydrothermal sites are characterized by peak CO 2 flux values between 3000 and 60,000 g m À2 d À1 and total CO 2 degassing ranging from 7 to 1000 t d À1 . Some sites are located outside these ranges, such as exceptional degassing sites (Solfatara and Cerro Negro), sites with large surface of degassing (Ischia Island, Ustica Island, Pantelleria Island, Cuicocha, Pululahua, and Timanfaya), fault-related sites (Peloritani Mountains and San Andreas and Calaveras faults), and mofette sites (Stavešinci, Hartoušov, and SBHS). In Figure 18b , the total CO 2 degassing shows a remarkable relationship with the surface area of high CO 2 degassing. While volcanic, geothermal, and hydrothermal sites range from low (0.4 t d À1 ) to high (2800 t d
À1
) total CO 2 degassing over extremely small (0.0015 km 2 ) to extremely large (252 km 2 ) surfaces, mofette and fault-related sites are characterized
) and low (<0.8 t d À1 ) total CO 2 degassing, respectively, both over relatively small surfaces (<0.1 km 2 ). Furthermore, the relationship between total CO 2 degassing (D) and surface area (S) follows a power law (Figure 18b Using the power law obtained for volcanic sites, we can attempt to extrapolate the total CO 2 degassing on the ground of all volcanoes throughout the world, knowing their total estimated surface. In a first approximation, we can take into account the subaerial Holocene active volcanoes, referenced in the Worldwide Holocene Volcano database of the Smithsonian Institution, Washington (http://www.volcano. si.edu/world/; Siebert and Simkin, 2002) . We approximate the shape of all volcanoes (whatever the type) with a cone. Using summit altitude, average altitude at the base of the cone and assuming a consistent angle with horizon at the summit of the cone (aperture and opening angle), we obtain an estimated total surface area of subaerial Holocene active volcanoes of 760,000 ± 100,000 km 2 . Therefore, we calculate an estimated total CO 2 degassing from the flanks of subaerial Holocene active volcanoes of 14 ± 6 Mt yr À1 . This value is higher than the reported measured diffuse emissions of subaerial Holocene active volcanoes (6.4 Mt yr
), but appears more likely than the maximum estimates of 117 Mt yr À1 calculated using the ratio number of studied sites/total number of subaerial volcanoes [Burton et al., 2013] . Our calculation indicates that the global CO 2 degassing of subaerial volcanoes, with currently accepted mean (range, min-max) of 91 ± 17 (20-130) Mt yr
, is significantly underestimated [e.g., Gerlach, 2011] , as recently suggested [Burton et al., 2013] . It is reasonable to add the recent estimate of CO 2 degassing of volcanic lakes (94 ± 17 Mt yr À1 ) [Pérez et al., 2011] to the values obtained during eruptive and quiescent periods, thus leading to a total estimated CO 2 degassing of subaerial active Holocene volcanoes of 199 ± 40 Mt yr À1 , comprising 91 ± 17 (eruptive periods) + 14 ± 6 (diffusive during quiescent periods) + 94 ± 17 (volcanic lakes). This preliminary estimate, compared with currently measured CO 2 flux of subaerial active Holocene volcanoes of circa 73 Mt yr À1 [Burton et al., 2013] , suggests that it could be of interest to carry out a more detailed calculation. In addition, CO 2 degassing of fault-related sites is not negligible (Figure 18b ), in particular in orogenic belts, but needs more measurements to be extrapolated further.
Thermal Energy Release
Having estimated a lower bound for the total CO 2 flux (5.9 t d
À1
) and considering the thermal source from gaseous CO 2 release only, it was possible to assess the corresponding total energy release. Again, this should be regarded as a lower bound as it does not account for contributions from other thermal sources, such as the hydrothermal power dissipation of hot springs at the surface [Derry et al., 2009] . The contributions from such sources are however small in comparison due to the low flow rates of the hot springs for the whole system (maximum 1 L s
). Thus, in the SBHS as in most volcanic and geothermal sites [Chiodini et al., 2001 [Chiodini et al., , 2005 Werner et al., 2008] , it can be postulated that most of the thermal energy is lost by steam condensation near the surface. Assuming that the H 2 O/CO 2 molar ratio is small (i.e., 0.50 ± 0.25), as observed in the gas samples for the calculation of the carbon isotopic ratio, and taking steam enthalpy at the boiling point of water in the SBHS (860 mbar and 95-96°C) as 2669 ± 1 kJ kg À1 , the total energy release rate (power) from the gas zones can be estimated at 37 ± 19 kW.
This value is smaller than estimates of energy release from some of the largest degassing areas of volcanoes worldwide, from 900 to 101,000 kW [Chiodini et al., 2005] . However, this estimate is only for the five gas zones, corresponding to an area of circa 1600 m 2 and hence to a heat flux of 23 ± 12 W m
À2
, which lies in middle of Figure 18 . Peak CO 2 flux (a) and estimated surface area of CO 2 degassing (b) versus the estimated total CO 2 degassing for selected natural sites available in the literature (see Table 5 ). In Figure 18b , blue and black dashed lines are power laws for volcanic sites and for all the other natural sites, respectively (see text).
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the range of variation of our measured heat fluxes in GZ1, 3.2-38 W m À2 (Figure 6 ). Similar heat flux values were obtained at Pantelleria Island Volcano (Italy) over a 36 times larger surface area [Chiodini et al., 2005] . Therefore, the gas zones of the SBHS produce relatively significant heat output from a small spatial extent.
The SBHS thus appears relevant for the study of heat transport in the particular tectonic context of continental collision away from magmatic activity.
5.5. Helium and Carbon Isotopic Ratios to Constrain the CO 2 Source in the SBHS 5.5.1. Helium Isotopic Ratios in the SBHS The helium (He) concentrations measured in GZ1 (Table 3) are 10 times higher than those in the air, indicating that the He source is not close to the surface. Moreover, the ratio R/R A , which is close to zero, indicates a strong excess of radiogenic 4 He (mainly from uranium and thorium) compared with mantle-derived 3 He.
Thus, the gas sampled in GZ1 has a typical crustal radiogenic signature, and therefore, any significant mantle contribution of CO 2 can be ruled out in GZ1. This conclusion is likely to be valid also for GZ3 and GZ4, but this could not be verified experimentally during this study.
In Nepal, few values (8) of He isotopic ratios are reported. From the free gas of hot spring waters of the SBHS, R/R A ratios were low (0.027-0.055) [Becker, 2005] and compatible with our values. In the Marsyandi Valley (midwestern Nepal), R/R A ratios from free gas and water of hot springs yielded ranges of variation of 0.04-0.14 and 0.018-0.055, respectively [Marty et al., 1996; Becker, 2005] . These data of the MCT zone indicate a crustal source for the gas with no (or little) mantle contribution. This crustal source of He can be compared with the gas characteristics in Tibet where a larger number of data (>50) is available [e.g., Klemperer et al., 2013] . In the springs of Tingri Graben (120 km NW from SBHS) and at Daggyai Co (65 km NNE from SBHS) in South Tibet, R/R A ratios were 0.018-0.063 [Newell et al., 2008] and 0.020 ± 0.005 [Hoke et al., 2000] , respectively, thus again suggesting a crustal contribution. By contrast, R/R A ratios obtained further north in Yangbajain Graben (0.11-0.13) [Yokoyama et al., 1999; Hoke et al., 2000] and in other northward sites (0.24-0.38) [Yokoyama et al., 1999] , as well as in NW Himalayas in Mount Kailash area (0.27-0.38) [Hoke et al., 2000] and near the Karakorum Fault (0.66) [Klemperer et al., 2013] clearly showed mantle contribution. Finally, in the SBHS, CO 2 / 3
He ratio was >1.74 × 10 11 , consistently higher than mid-ocean ridge basalt domain (2 × 10 9 ). This value was similar to CO 2 / 3 He values of Yangbajain Graben and Dzakaa Chu Valley in Tibet [Yokoyama et al., 1999; Newell et al., 2008] . 5.5.2. Carbon Isotopic Ratios in the SBHS Carbon isotopic ratios obtained from soil-gas CO 2 (Table 3) show only a small variation over the SBHS. In particular, for GZ1 the values are the same (within 5%) as the three previous values reported by Perrier et al. [2009] , which indicates a good degree of stability over a 5 year period. Such a consistency of δ 13 C through time is particularly interesting and constitutes a real asset for possible long-term monitoring of geochemical characteristics from both degassing areas and springs.
Although the main hot springs of the SBHS showed no bubbling , two secondary springs, SBE1 and TT1, located at a distance of 300 m on the opposite bank of GZ1 and at 1.5 km north from the hydrothermal system, respectively, released gas bubbles. SBE1 had a mean temperature of 51°C, pH of 6.9, δ 13 C DIC (dissolved inorganic carbon) of 0.5‰ , and δ 13 C bubbles of À3.6 ± 0.1‰. TT1
had a mean temperature of 24°C, pH of 5.7, δ 13 C DIC of 12.3‰ [Becker, 2005; Evans et al., 2008] , and δ 13 C bubbles of À2.2 ± 0.1‰. A similar δ 13 C bubbles value of À1.98‰ was previously reported for a TT1 sample in 2003 [Becker, 2005] .
Thus, it is observed that δ 13 C bubbles values (À3.6 to À2.2‰) are systematically slightly smaller than δ 13 C GZ (soil-gas) values in the gas zones (À1.7 to À0.5‰) and much smaller than for δ 13 C DIC values (0.5 to 12.3‰).
This suggests that the bubble CO 2 is not at isotopic equilibrium with the dissolved inorganic carbon. Rather, the bubbles seem to be intermediate between a source gas, which could be characterized by δ 13 C GZ , and the dissolved gas. 5.5.3. Discussion of Isotopic Ratios and the CO 2 Source These observations can be compared with other δ 13 C values obtained at other sites. In Nepal, few δ 13 C values from the free gas of springs (5) are reported in the MCT zone and varied from À4.2 to À2.0‰ [Becker, 2005; Becker et al., 2008; Evans et al., 2008] , which are similar to our measured values. Northward in South Tibet, δ 13 C values from the free gas of springs were smaller in Yangbajain Graben (À9.1 to À6.3‰) [Yokoyama et al., Journal of Geophysical Research: Solid Earth
1999] and reasonably similar (but with larger variations) in the Tingri Graben (À13.1 to À0.3‰) [Yokoyama et al., 1999; Newell et al., 2008] . This suggests that the CO 2 source might be different in South Tibet and that the bubble CO 2 might equilibrate with the dissolved inorganic carbon, in contrast to the SBHS.
The SBHS values appear also to be similar to δ 13 C values from the free gas of the mofette sites in the Vogtland/NW Bohemian region (Germany and Czech Republic). Indeed, in the free gas of the Bad Brambach springs in Germany and of the Plesná, U Mostku, and Kopanina springs in Czech Republic, δ
13
C values were circa À4.5‰ [Weise et al., 2001; Bräuer et al., 2003 Bräuer et al., , 2007 Bräuer et al., , 2011 and from À3.0 to À0.8‰ [Bräuer et al., 2008 [Bräuer et al., , 2011 , respectively. Directly from the gas of mofettes (Bublák, Dolni Častkov, Hartoušov, and Soos), δ 13 C values ranged from À3.0 to À1.6‰ [e.g., Bräuer et al., 2003 Bräuer et al., , 2008 Bräuer et al., , 2011 Kämpf et al., 2013] . However, by contrast with the SBHS, all R/R A values were high and varied from 1.4 to 5.9 [Weise et al., 2001; Bräuer et al., 2003 Bräuer et al., , 2007 Bräuer et al., , 2008 Bräuer et al., , 2011 Kämpf et al., 2013] . Thus, in the Vogtland/NW Bohemian region, the isotope signature indicates coupled contributions of metamorphic decarbonation of limestone and mantle-derived CO 2 [Bräuer et al., 2009; Kämpf et al., 2013] .
In the SBHS, the carbon isotopic signature δ 13 C GZ appears compatible with a CO 2 source generated by decarbonation of carbonated sedimentary rocks. This interpretation is also consistent with the constraints derived from He isotope analyses. Such a metamorphic reaction occurs typically at 10-20 km depth [e.g., Ague, 2000] . This decarbonation process of calcite minerals enriches the 13 C content in the resulting CO 2 -rich fluid, leading to a 2-4‰ increase of the δ 13 C value of CO 2 under temperature and pressure conditions ranging over 300-800°C and 1-10 kbar (at 4-40 km depth), respectively, compared with the carbon isotope ratio of calcite [e.g., Chacko et al., 1991] . Considering the range of δ 13 C values from Lesser Himalayan carbonates at depth, typically À3.5 to À1.1‰ , we obtain a δ 13 C value of metamorphic CO 2 between À1.5 and +2.9‰. Our range of δ 13 C GZ values (À1.7 to À0.5‰) appears compatible with those firstorder calculations, suggesting that the CO 2 -rich fluid is subject to only little fractionation between its metamorphic source at depth to the mofettes observed at the surface.
In addition, the narrow range of δ 13 C GZ values, the small differences between δ 13 C GZ and δ 13 C bubbles values, and the temporal stability of the degassing system indicate minor or negligible carbon isotope fractionation due to CO 2 dissolution and degassing from water. Indeed, degassing processes strongly fractionate the carbon isotopes [e.g., Mook et al., 1974] and were proposed by Becker et al. [2008] and Evans et al. [2008] to explain the range of δ 13 C DIC values obtained throughout the Nepal Himalayas. By contrast, dissolution and degassing affect the δ 13 C in the gas phase to a lesser extent. Our results thus are compatible with the view that the gas zones represent a degassed deeper aqueous phase, whose remnants in the hydrothermal waters are giving the increased observed values of δ 13 C DIC . Also, these results are not incompatible with the alternative view that the observed gas zones, and in particular in GZ3, represent the original deep metamorphic gas, which can reach the atmosphere through gas-dominated pathways, with little interactions with near-surface groundwater. Such gas transport might be, for example, by dry fault/fracture networks reaching the surface, which are possible in the MCT shear zone, and thus possibly largely independent from hydrothermal circulations. These considerations are explored further in the companion paper [Girault and Perrier, 2014] .
Conclusion
In this paper, the spatial distribution of the degassing areas in the SBHS has been characterized. At the five identified gas zones, more than 1600 CO 2 flux and 850 radon flux measurements were made, complemented by 100 self-potential and 108 soil effective radium concentration (EC Ra ) measurements. From these data, the total CO 2 and radon discharges of the SBHS were estimated and the relationship between CO 2 and radon fluxes established. Clear differences in soil radon concentration between GZ1-GZ2 and GZ3-GZ4 were also observed. Based on its location and on its description, GZ5 could be seen as a possible satellite zone of GZ1 and GZ2. Finally, the values of the isotopic ratios obtained confirmed the previous geochemical models [Becker et al., 2008; Evans et al., 2008] , proposing the presence of extensive degassing of metamorphic CO 2 in the Himalayas. The dipolar SP anomaly reported previously [Byrdina et al., 2009 ] is confirmed by this experiment, adding confidence to the concept that SP is a meaningful parameter of geological fluid discharge [Revil et al., 2012] . The SBHS should therefore also be considered as a promising natural laboratory to explore temporal anomalies of SP [Perrier et al., 1998 Legaz et al., 2009 ].
The gas zones of the SBHS provide a unique natural laboratory where measurement methodologies can be tested in a quantitative and detailed manner. The gas zones also illustrate the diversity of the possible signatures and contexts of degassing which, in turn, indicate that various degassing mechanisms are present at this site. While high fluxes are closely associated with the main hot springs (GZ1 and GZ2), major degassing is also observed away from any hydrothermal activity (GZ3 and GZ4), suggesting that CO 2 might be only marginally interacting with water and, therefore, that extrapolations based solely on parameters extracted from water geochemistry might be unrepresentative.
If the degassing is not controlled by hydrothermal circulations, and instead only partially influenced by these, then finding possible gas zones and estimating the total discharges will be more complicated than previously anticipated. Indeed, in the SBHS, a major proportion of metamorphic CO 2 must percolate independently of hydrothermal circulations and emerge away from hot springs. Thus, the presence of hot springs would appear to be an insufficient basis on which to search for degassing and, hence, a large proportion of the CO 2 produced by the Himalayas might still be undetected. This is especially true if degassing proceeds through areas with moderate flux values, such as in GZ5.
The very existence of such extended zones, where there are no "obvious" clues such as the presence of hot springs or (thermally imaged) warm spots, has major consequences. Also, meaningful estimation of the CO 2 discharge of the Himalayas, even on the scale of the Trisuli watershed, for example, appears as a tremendous challenge that can be addressed only with airborne surveys of CO 2 degassing [e.g., Bateson et al., 2008; Bellante et al., 2013] (with a detection limit of 0.1 to 1 t d À1 over 1000 m 2 in flat and homogeneous areas) or, more likely, with totally new techniques. The SBHS then could be a major site to evaluate such new techniques.
In order to be able to further evaluate hydrothermal (water-dominated) and nonhydrothermal (gasdominated) degassing and to support the various hypotheses concerning CO 2 sources and gas transport mechanisms, more information is needed on the various accessible gas zones in the vicinity of hot springs, in other sites of the upper Trisuli Valley and at other hot spring sites along the MCT. So far, the SBHS remains the only known natural system in the world with such high CO 2 and radon fluxes, located in a tectonically active zone away from any magmatic activity. However, before long-term monitoring could be considered, which is only worthwhile provided that it can be maintained over decades, or at least a significant fraction of the cycle of large earthquakes, the Himalayas should be surveyed for other candidate hydrothermal areas.
The large amount of data collected in the SBHS, while largely insufficient to provide a final answer on the CO 2 degassing rate of the whole Himalayas, is nevertheless very useful to test our understanding of CO 2 transport in the upper crust. Quantitative modeling of the radon signature, as presented in the companion paper [Girault and Perrier, 2014] , sheds some light on the possible mechanisms present in such a hydrothermal system. Further models can now be developed and tested in the SBHS, models which must accommodate the observed spatial distribution and diversity of gas release in a heterogeneous site. Therefore, the SBHS also emerges as a natural analog of what can be expected in the case of leakage from a deep underground reservoir [e.g., Lewicki et al., 2007; Koornneef et al., 2012] in a context of interrelated fault and fracture networks.
Appendix A: Estimation of Total Discharge by Using a Small Number of Profiles and Measurement Points
When confronted with a potential gas zone, various problems occur in practice. The best strategy to assess whether a significant flux is present in the considered area might not be the optimal method to obtain a reasonable estimate of the total discharge [Cardellini et al., 2003b; Rissmann et al., 2012] . In some places, because of time constraints or local conditions such as cultivated areas, the number of possible measurements is limited, for example, to circa 40 points. Given these conditions, it is important to have some ideas of the optimal mapping method and the resulting accuracy that can be claimed on the discharge.
To test the estimation of the total CO 2 discharge in an unknown potential gas zone using a relatively small number of measurement points, we used a Monte Carlo method. In this calculation, a synthetic gas zone was simulated in a 1200 m 2 space with a boundary where some background CO 2 flux was imposed. This synthetic zone was characterized by a total CO 2 degassing of the order of 1-3 t d
À1
, typical of values obtained in the gas zones in the SBHS, and some shape of the spatial distribution was assumed. This shape was randomly modified in each set of cases of a given calculation. In this simulated zone, various strategies for the deployment of CO 2 flux measurements were performed, followed by methods for integration/aggregation. The results of each of these methods were compared with the synthetic total discharge, and their potential was assessed by dividing this estimation by the synthetic value. The hypothesis was to consider that the measurement technique is able to locally account for the real flux on the ground without any underestimation or overestimation, thus allowing for the known experimental uncertainties, but no systematic bias.
The first and simplest option was to measure CO 2 flux at points distributed randomly over the investigated surface. A second option was a simple mapping of flux over the whole area with a regular rectangular grid. These two options obviously have some difficulties when the number of possible measurements is small. In addition, it is unreasonable in practice to start some mapping strategy without knowing whether significant flux is present somewhere. Therefore, other approaches are implemented in real field conditions, mainly based on linear profiling. When some high flux is found on a profile, we then start mapping with new profiles crossing the first one, with different directions, and so on. Such adaptive approaches were tested using the Monte Carlo calculation. In a first strategy, two perpendicular profiles were used, the second profile passing through the highest CO 2 flux measured by the first profile, then supplemented with one diagonal profile. One example of such a strategy is shown in Figure A1 , with 40 experimental points. Selected inferred interpolated contours are shown in gray and can be compared with the contours of the simulated source. The overall shape of the core zone with a flux higher than 1000 g m À2 d À1 inferred from the measurements is satisfactory and has an estimated area of 718 m 2 compared with a true area of 697 m 2 . In this particular case, the inferred total discharge is 2.7% above the simulated value. This method can be expanded to a method with the same number of points, but with two perpendicular diagonals, the second diagonal being centered at the barycenter of the fluxes from the first two profiles and the first diagonal.
These four methods are compared in Figure A2 , which shows the mean difference between the inferred and the true discharge, as a function of the number of points. When the number of points is small, both the method with random points and that with a regular grid tend to underestimate the total discharge, but both methods converge to the true discharge as the number of points increases and are within a few percent of Figure A1 . Monte Carlo simulation of the estimation of the total discharge using an adaptive strategy with 40 measurement points organized into two perpendicular profiles and one diagonal. The contours of the true discharge (2.22 t d
) are displayed in black while the inferred contours, drawn from interpolating the measured flux, are shown in gray. The obtained total discharge in this case is 2.28 t d the true discharge when the number of points is greater than circa 200. When the number of points is fewer than circa 20, the random distribution performs better than the regular grid, which can significantly underestimate the discharge. This is due to the fact that the regular grid with few points is too coarse given the size chosen for the source core. By contrast, the adaptive methods, which tend to overestimate the discharge, appear more accurate for small numbers of measurement points. In this case, with fewer than 40 measurement points, the adaptive method with two diagonals is best, while the method with one diagonal appears acceptable.
Such results have to be taken with caution. While they are reasonably stable when the interpolation method is changed, for example by varying the order of the interpolation, they are not totally robust when the shape of the source is modified. In Figure A2 , we have assumed a reasonably smooth shape with possible lobes, but with azimuthal variations of order smaller than 4 ( Figure A1 ). When narrow lobes are allowed over a large fraction of the considered spatial scales, or if narrow rectangular slits are allowed, then the results displayed in Figure A2 can change, with underestimates lower than 50% for the random and the regular grids and overestimates larger than 80% in some cases for the adaptive techniques, which overly favor the highest fluxes.
In practice, the points with the highest fluxes can be difficult or impossible to measure, because of obstacles such as large boulders or unstable slopes, and some fraction of the gas release is therefore missing in the overall measured budget. It is therefore better, in any case, to use a method which tends to overestimate than a method which underestimates. In practice, one tends to complement linear profiles with additional points, or include additional constraints such as zero flux over the surface of a large boulder or a wall and to incorporate additional boundaries in the interpolation. At the end, the inferred contours need to be reasonably acceptable given the complications of the natural site. The Monte Carlo simulations in all cases nevertheless indicate that the method with adaptive profiles is satisfactory and that it is reasonable to quadratically add an additional uncertainty of 20% to the experimental punctual uncertainty (from flux measurements) to obtain the total uncertainty to account for possible systematic bias in the interpolation.
One important matter when calculating the total integrated discharge over a certain area is the role of boundaries. In the best cases, as in the case of GZ1, we obtain very similar discharge values and interpolated contours for CO 2 fluxes higher than 500 g m À2 d
, either when imposing the background level at the boundary of the zone or when this condition is released (Text S3.3 in the supporting information). It is not always the case, and ultimately, the need of conditions at the boundaries can only rely on some knowledge of the site. As a final test of our calculation, we used the CO 2 flux data given by Parks et al. [2013] , and we obtain CO 2 discharge values within 10% of the values given by these authors. Figure A2 . Accuracy of the inferred discharge, defined as the mean difference, over 200 simulations, between the inferred and the true discharge, as a function of the number of data points. Four methods are compared: randomly scattered points (circles), regular grid (squares), an adaptive method with two perpendicular profiles and one diagonal (diamonds), and a method with two diagonals (triangles). Tamang, Gautam Tamang, Niraj Jairu, Khem Puri, and Hiralal Tamang are thanked for their assistance during the experiments. Patrick Richon is thanked for his initial help with the radon time series. André Revil is thanked for his inspiring encouragements and contributions during the early stage of this work. Caroline Guilmette is thanked for her valuable help in the measurement of carbon isotopic ratios in CRPG. Gauthier Hulot and Édouard Kaminski are thanked for their support to this program, which could be carried out, at its initial stage, thanks to a grant from the Fluids-Fault-Flux program of CNRS, followed by an interdisciplinary project from Université Paris Diderot (France). The original version of the manuscript was greatly improved, thanks to the careful work and numerous thoughtful suggestions of the Associate Editor, Cynthia Werner, and three anonymous reviewers. This is IPGP contribution number 3522.
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